Genetic studies in Caenorhabditis elegans identified lin-9 to function together with the retinoblastoma homologue lin-35 in vulva differentiation. We have now identified a human homologue of Lin-9 (hLin-9) and provide evidence about its function in the mammalian pRB pathway. hLin-9 binds to pRB and cooperates with pRB in flat cell formation in Saos-2 cells. In addition, hLin-9 synergized with pRB and Cbfal to transactivate an osteoblast-specific reporter gene. In contrast, hLin-9 was not involved in pRBmediated inhibition of cell cycle progression or repression of E2F-dependent transactivation. Consistent with these data, hLin-9 was able to associate with partially penetrant pRB mutants that do not bind to E2F, but retain the ability to activate transcription and to promote differentiation. hLin-9 can also inhibit oncogenic transformation, dependent on the presence of a functional pRB protein. RNAimediated knockdown of Lin-9 can substitute for the loss of pRB in transformation of human primary fibroblasts. These data suggest that hLin-9 has tumor-suppressing activities and that the ability of hLin-9 to inhibit transformation is mediated through its association with pRB.
Introduction
pRB, the product of the retinoblastoma tumor suppressor gene, is an important regulator of cell cycle progression, apoptosis, differentiation and senescence (reviewed in Classon and Harlow, 2002) . pRB inhibits cellular proliferation and apoptosis mainly through binding to E2F transcription factors (Dyson, 1998; DeGregori, 2002; Cam and Dynlacht, 2003) . Complexes of hypophosphorylated pRB and E2F act as transcriptional repressors. Repression is mediated by recruitment of proteins that are involved in regulating the chromatin structure, such as histone deacetylases (HDACs), histonemethyl-transferases and BRG1 (reviewed in Harbour and Dean, 2000) . During the G1 to S transition, pRB is inactivated by phosphorylation catalyzed by cyclin-dependent kinases. Consequently, pRB is released and E2F is now able to transactivate target genes that play key roles in cell cycle progression, synthesis of nucleotides, DNA replication and apoptosis (reviewed in Trimarchi and Lees, 2002) .
Certain pRB mutants that are associated with low-risk retinoblastoma retain the ability to promote differentiation despite their inability to bind to E2F. This observation indicates that the differentiation-promoting function of pRB is, at least in part, independent of E2F (Sellers et al, 1998) . Instead, it has been found that pRB can interact with and activate certain transcription factors that play key roles in differentiation, such as MyoD, Cbfa1 and C/EBPb (Thomas et al, 2001) . The ability of pRB to promote differentiation has also been linked to its ability to inhibit the activity of Ras proteins (Lee et al, 1999; Takahashi et al, 2003) .
The relationship between Ras and pRB has been studied genetically in Caenorhabditis elegans. The differentiation of the hermaphrodite vulva in C. elegans is initiated by an evolutionary conserved receptor tyrosine kinase/Ras/MAPK signaling pathway (reviewed in Kornfeld, 1997; Sternberg and Han, 1998) . Ras signaling is antagonized by the pRB homologue lin-35 and by other so-called synthetic multivulva (synMuv) genes (Kornfeld, 1997; Lu and Horvitz, 1998; Fay and Han, 2000) . Like gain-of-function mutations in the Ras pathway, inactivation of synMuv genes results in a multivulva phenotype as a consequence of expression of vulval cell fates in cells that normally adopt an uninduced fate. Genetically, the synMuv genes can be grouped into three classes, A, B and C, that act redundantly (Fay and Han, 2000; Ceol and Horvitz, 2004) .
Recently, a number of class B synMuv genes have been shown to encode worm homologues of the pRB pathway, such as lin-35/pRB, efl-1/E2F, hda-1/HDAC and lin-53/ RbAp46 (Lu and Horvitz, 1998; Solari and Ahringer, 2000; Ceol and Horvitz, 2001) . Although vulva differentiation has been studied genetically in detail, the precise molecular mechanism of Ras inhibition by synMuv proteins is still unclear. As the pRB complex has been implicated in transcriptional regulation, it has been proposed that synMuv proteins play a role in transcriptional repression of genes that are activated by Ras and that are required for vulva cell fate specifications (Solari and Ahringer, 2000; Ceol and Horvitz, 2001 ).
Novel class B synMuv genes that function in the same genetic pathway have recently been identified. One such novel synMuv gene is lin-9 (Beitel et al, 2000) . A function of lin-9 in the pRB pathway is supported also by cDNA microarray data, which showed that lin-9 is coexpressed with lin-35, hda-1 and lin-53 ; Kim et al, 2001) . Besides its role in vulva development, lin-9 also has other functions. For example, lin-9 is required for male reproductive development (Beitel et al, 2000) . In addition, a role for Lin-9 in G1 regulation has been suggested (Boxem and van den Heuvel, 2002) . However, the molecular function of this protein is still unknown.
We speculated that mammalian homologues of novel synMuv class B proteins might also play a role in the pRB pathway, in inhibition of Ras signaling and possibly in human cancer. To begin to test these predictions, we have isolated a human homologue of Lin-9 (hLin-9). We found that hLin-9 physically associates with pRB in mammalian cells. Secondly, we show that hLin-9 cooperates with pRB during flat cell formation in Saos-2 cells. Surprisingly, hLin-9 is not involved in the acute, E2F-dependent, cell cycle arrest mediated by pRB or in pRB-dependent transcriptional repression. Instead, hLin-9 enhances the ability of pRB to activate transcription. In addition, we found that hLin-9 can inhibit oncogenic transformation of mouse fibroblasts, depending on the presence of pRB. Furthermore, the knockdown of hLin-9 can substitute for the inactivation of the pRB pathway in transformation of primary human fibroblasts. Taken together, our data suggest that hLin-9 functions together with pRB to promote differentiation and to inhibit transformation of mammalian cells.
Results

Identification of a human homologue of lin-9
We identified several overlapping human ESTs with significant homology to C. elegans lin-9 in the Genbank nucleotide database. 5 0 and 3 0 RACE reactions with primers designed to anneal in a region of Lin-9 that encodes for an evolutionary conserved domain were used to synthesize a human cDNA of approximately 2.5 kb. This novel cDNA (GenBank accession: AY786184) contains an open reading frame of 1626 nucleotides and encodes for a protein of 542 amino acids with a predicted molecular mass of 62 kDa. Importantly, RACE reactions with additional upstream primers failed to produce longer cDNA products. We conclude that we, most likely, have isolated the complete human lin-9 coding sequence. A highly similar mouse lin-9 cDNA was identified in the mouse EST database. While this work was in progress, a cDNA encoding hLin-9 was reported in Genbank (accession number NM_173083). The predicted product of this gene was termed 'TUDOR gene similar' (TGS) because part of the protein is weakly similar to a TUDOR domain. TUDOR domains, which are often found in RNA-binding proteins, have been implicated in protein-protein interaction (MaurerStroh et al, 2003) . However, because the similarity of human Lin-9 to the TUDOR domain is well below threshold and there is no evidence that it contains a functional TUDOR domain, we prefer to name this protein hLin-9. Lin-9-related proteins are also found in other organisms, for example, in Drosophila and Arabidopsis thaliana (White-Cooper et al, 2000; Bhatt et al, 2004) . hLin-9 and its C. elegans orthologue share 34% sequence similarity overall (Figure 1 ). Similarity between hLin-9 and other Lin-9 proteins is highest in two conserved regions of unknown function that were previously termed box 1 and box 2 (see Figure 1B ; White-Cooper et al, 2000) . A comparison of the predicted hLin-9 protein sequence with C. elegans Lin-9 and with two Drosophila orthologues, always early (Aly) and twilight (Twit), is shown in Figure 1A and B.
Northern blots showed that mammalian hLin-9 mRNA is expressed in primary untransformed tissues as well as in transformed cell lines (see Supplementary Figure S1 ). hLin-9 is a nuclear, chromatin-associated protein It has been shown previously that Aly, a Drosophila homologue of Lin-9, is associated with chromatin (White-Cooper et al, 2000) . Flag-tagged hLin-9 localized to the nucleus as analyzed by immunostaining (Figure 2A ). To analyze localization of endogenous hLin-9, we first generated a polyclonal antiserum to hLin-9. In immunoprecipitation-western blot experiments, this antiserum, but not preimmunserum, recognized a single band of 60 kDa in lysates of human 293 cells and mouse embryonic fibroblasts (MEFs; Figure 2B) . Importantly, the endogenous protein detected by the antiserum co-migrated with the protein overproduced from our hLin-9 cDNA ( Figure 2B , right panels). Next, nuclear localization of hLin-9 was analyzed by biochemical fractionation. Cell lysates from human 293 cells were first fractionated into cytoplasmic and nuclear fractions. Nuclear pellets were extracted with 1 M NaCl. Under these conditions, hLin-9 was detected in the high-salt nuclear extract, suggesting that hLin-9 is tightly associated with nuclear structures ( Figure 2C , left panels). In contrast, when nuclear pellets were first subjected to an extraction with DNase I, hLin-9 was found in the DNase I extracted material ( Figure 2C , right panels). In each case, Mi-2 and HDAC1, two known chromatin-associated proteins, were found in the same fraction as hLin-9. Chromatin association of hLin-9 was confirmed by a fractionation protocol that has been used before to demonstrate chromatin association of human cdc6 (Supplementary Figure S2 ; Mendez and Stillman, 2000) . In addition, we found that overexpressed flag-tagged hLin-9 as well as endogenous hLin-9 can be efficiently crosslinked to chromatin (Supplementary Figure  S2) . Together, these data suggest that hLin-9 is a nuclear, chromatin-associated protein.
Physical interaction of hLin-9 and pRB
In C. elegans, lin-35/pRB and lin-9 genetically function in the same pathway to inhibit vulva differentiation. However, a physical association of these two proteins has not been demonstrated. We analyzed whether hLin-9 and pRB bind to each other. The ability of hLin-9 to associate with pRB was first analyzed in pulldown experiments with recombinant GST-hLin-9. GST-hLin-9 was incubated with extracts of HeLa cells expressing HA-epitope-tagged pRB. Bound pRB was detected by immunoblotting with an anti-HA antibody. In these experiments, HA-pRB specifically bound to GSThLin-9 but not to GST alone ( Figure 3A) .
To verify that hLin-9 interacts with pRB in vivo, we performed co-immunoprecipitations with lysates of human mesenchymal stem cells (hMSCs). In these experiments, endogenous pRB was co-precipitated with anti-hLin-9 serum ( Figure 3B ). Importantly, no pRB was detected in immunoprecipitates with preimmunserum. We concluded that endogenous hLin-9 and pRB associate with each other.
Next, we characterized the sequences in hLin-9 that are required for binding to pRB. As box 1 and box 2 of hLin-9 are conserved in all Lin-9 proteins in different organisms (see Figure 1B ), we generated two deletion constructs of hLin-9 that remove either box 1 (GST-hLin-9DN) or box 2 (GST-hLin-9DC) ( Figure 3C ). Levels of GST-fusion proteins were comHuman Lin-9 inhibits transformation through pRB S Gagrica et al parable, as confirmed by Coomassie staining. Lysates from untransfected hMSCs were incubated with GST or with GSThLin-9 fusion proteins and bound pRB was detected with an anti-pRB antibody. pRB bound to GST-hLin-9 but not by GST alone, confirming the association of these proteins.
Intriguingly, deletion of the amino-terminus of hLin-9 completely abolished binding of pRB. In contrast, pRB bound to GST-hLin-9DC, suggesting that hLin-9 interacts with pRB through the amino-terminal half of the protein that includes box 1. As box 1 is highly conserved between Lin-9 proteins, it is possible that it functions as a pRB interaction domain in other species as well. Next, we mapped the binding site for hLin-9 on pRB with fragments of pRB fused to GST and in vitro-translated hLin-9 ( Figure 3D ). It is evident from these GST pulldowns that hLin-9 binds to the pocket domain of pRB. Strongest binding of hLin-9 was detected with the B pocket, but an additional weaker interaction with the A pocket could also be detected. This suggests that hLin-9 binds to at least two sites in the pRB pocket domain. The regions that are responsible for interaction of hLin-9 and pRB are summarized in Figure 3E .
hLin-9 cooperates with pRB in flat cell induction in Saos-2 cells In C. elegans, lin-9 functions genetically in the same pathway with the pRB homologue lin-35. To address whether hLin-9 plays a role in pathways controlled by the mammalian retinoblastoma protein, we asked whether hLin-9 has any effect on the ability of pRB to induce flat cells in pRB-negative Saos-2 cells. It has been shown previously that reintroduction of pRB into Saos-2 cells results in morphological changes referred to as flat cells that resemble a senescence-like state (Hinds et al, 1992; Qin et al, 1992) . Saos-2 flat cells also express markers of bone differentiation (Sellers et al, 1998) . As expected, expression of pRB in Saos-2 cells, together with a small amount of a plasmid with a neomycin resistance marker, resulted in a significant lower number of neomycinresistant colonies after selection for 10-14 days when compared to control transfections with empty expression vector ( Figure 4A ). Microscopic examination confirmed that pRB expression resulted in the formation of flat cells ( Figure 4B ). Expression of hLin-9 on its own had no effect on Saos-2 cell growth and morphology ( Figure 4A and B). However, coexpression of hLin-9 with pRB further reduced the number of resistant colonies and enhanced the ability of pRB to form flat cells ( Figure 4A and B, right panels). Consequently, when pRB was co-transfected together with hLin-9, almost all cells in the culture turned into flat cells ( Figure 4B ). Importantly, expression levels of pRB were not affected by coexpression of hLin-9 ( Figure 4C ), suggesting that the ability of hLin-9 to promote flat cell formation by pRB is not an indirect result of increased pRB expression.
To test whether hLin-9 is required for pRB-dependent flat cell formation, we used a pSUPER plasmid-based RNAi strategy to knockdown endogenous hLin-9. Transfection of pSUPER-hLin-9 into Saos-2 cells resulted in a reduction of endogenous hLin-9 of about 80% ( Figure 5B and data not shown). pSUPER-hLin-9 was co-transfected together with an pRB expression plasmid into Saos-2 cells. Flat cells were detected by their senescence-associated b-galactosidase (SAb-gal) activity. Positive cells were manually counted. As summarized in Figure 4D , depletion of hLin-9 significantly suppressed formation of flat cells by pRB in three different experiments. These data demonstrate that hLin-9 is required for efficient flat cell formation by pRB. Taken together, our results suggest that mammalian hLin-9 and pRB cooperate during flat cell formation in Saos-2 cells. Right: Lysates from 293 cells and from 293 cells transiently overexpressing hLin-9 were immunoprecipitated with anti-hLin-9 antibody or with the preimmunserum. hLin-9 was detected by immunoblotting with anti-hLin-9 antiserum. (C) 293 cells were fractionated into cytoplasmic and nuclear fractions. Nuclei were treated with or without DNase I as indicated and then extracted with 1 M NaCl, followed by a western blot analysis with antibodies to Mi-2, HDAC1 and b-tubulin. hLin-9 was detected by immunoprecipitation followed by immunoblotting with anti-hLin-9 antibody.
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The hLin-9 is not involved in pRB-mediated cell cycle arrest In C. elegans, several class B synMuv genes, including lin-9, function as negative regulators of G1 (Boxem and van den Heuvel, 2002) . We therefore wanted to investigate whether hLin-9 cooperates with pRB in inhibition of cell cycle progression. To analyze whether hLin-9 has any effect on cell cycle progression or on the pRB-mediated G1 arrest, we transfected Saos-2 cells with expression constructs for pRB and hLin-9. A GFP expression plasmid was cotransfected for the detection of transfected cells by their green fluorescence. Forty-eight hours after transfection, cell cycle progression was analyzed by FACS. Expression of hLin-9 had no effect on cell cycle distribution ( Figure 5A , middle panels). As expected, pRB reduced the number of cells in S-Phase when compared to cells transfected with an empty control vector ( Figure 5A , left panels). Coexpression of hLin-9 did not significantly enhance the pRB-induced cell cycle arrest ( Figure 5A , right panels). These findings were confirmed independently with several U2-OS cell clones that stably express very high levels of exogenous hLin-9 (Supplementary Figure S3) . Consistent with the lack of any observable effect of overexpression of hLin-9 on cell cycle progression, knockdown of endogenous hLin-9 by transient transfection of pSUPER-hLin-9 had no effect on proliferation or on the pRB-mediated G1 arrest in HeLa cells (Figure 5B-D) . Taken together, we concluded that hLin-9 is not required for pRB to inhibit cell cycle progression in G1 in mammalian cells. Thus, hLin-9 cooperates with pRB without promoting the acute growth arrest mediated by pRB.
hLin-9 associates with partially penetrant pRB mutants and promotes pRB-dependent transcriptional activation
It has been shown before that the acute inhibition of cell cycle progression by pRB requires binding to E2F and involves repression of transcription. In contrast, the ability of pRB to activate transcription, to form flat cells and to promote differentiation is independent from association with E2F (Sellers et al, 1998; Thomas et al, 2001 ). This was concluded from the observation that certain tumor-derived mutants of pRB associated with low-risk retinoblastoma retain the ability Number of flat cells in 80 fields to promote differentiation despite their inability to associate with E2F. As we found that hLin-9 cooperates with pRB without promoting the pRB-induced acute growth arrest, we wanted to test whether hLin-9 associates with mutants of pRB (e.g. pRB:Dex4 and 661W) that are able to promote differentiation.
To address this possibility, we analyzed binding of hLin-9 to a set of tumor-derived pRB mutants in GST-binding assays ( Figure 6A ). Lysates of Saos-2 cells expressing HA-tagged versions of pRB mutants were incubated with GST-hLin-9 or with GST as a control. The amount of lysate used for the binding assays was adjusted to account for the lower expression of pRB Dex22, 567L and Dex4 compared to wild-type pRB and 661W ( Figure 6A, bottom) . Bound pRB was detected with an anti-HA antibody. As expected, wild-type, HA-tagged pRB bound to GST-hLin-9 ( Figure 6A, lane 4) . In contrast, no binding of the null mutants pRB:Dex22 and 567L to GST-hLin-9 was detectable. Interestingly, however, the two partially penetrant mutants pRB:Dex4 and pRB:661W specifically bound to GST-hLin-9 ( Figure 6A, lanes 10 and 12) . Thus, hLin-9 associates with pRB mutants that promote differentiation but do not associate with E2F. We therefore hypothesize that hLin-9 is involved in the ability of pRB to promote differentiation and to activate transcription.
To address this possibility, we measured the effect of hLin-9 on transcriptional activation by the osteogenic transcription factor Cbfa1 in Saos-2 cells. It has been shown before that pRB can activate Cbfa1 (Thomas et al, 2001 ). In the absence of pRB, hLin-9 had no effect on reporter gene expression when expressed alone or together with Cbfa1. However, in the presence of limiting amounts of pRB, hLin-9 reproducibly activated Cbfa1-dependent transcription about two-fold ( Figure 6D ). In contrast, hLin-9 had no significant effect on pRB-mediated repression and on E2F1-and E2F4-dependent transactivation ( Figure 6B and C and data not shown) . Taken together, these data suggest that hLin-9 can cooperate with the retinoblastoma protein in gene activation.
hLin-9 inhibits oncogenic transformation
Our findings support a role for hLin-9 in the pRB tumor suppressor pathway. To test whether hLin-9 itself has tumorsuppressing activities, we generated stable NIH-3T3 cell lines overexpressing high levels of hLin-9 ( Figure 7A ). Constitutive active, oncogenic RasV12 was introduced into these cell lines by retroviral infection. As expected, expression of RasV12 in normal NIH-3T3 cells and in NIH-3T3 cells transfected with empty vector (NIH-3T3-IRES-neo) resulted in a transformed morphology ( Figure 7B , left panels). Interestingly, NIH-3T3 clones constitutively expressing high levels of hLin-9 did not show a transformed morphology after expression of RasV12. In contrast, their morphology was similar to that of cells infected with an empty control retrovirus ( Figure 7B , right panels). Thus, hLin-9 inhibited RasV12-induced morphological changes.
We next asked whether hLin-9 can also antagonize anchorage-independent growth of transformed primary MEFs.
MEFs were first infected with a retrovirus encoding hLin-9 and a hygromycin resistance gene ( Figure 8A ). As a control, an empty retrovirus with a hygromycin resistance gene was used. Next, a second infection with RasV12-, Myc-and Bcl-2-expressing viruses was performed. After selection with hygromycin and puromycin, neoplastic transformation of the MEFs was scored by their ability to grow anchorage independently in soft agar. As expected, cells expressing RasV12, Myc and Bcl-2 readily formed colonies in soft agar within 14 days ( Figure 8C and D) . Intriguingly, when hLin-9 was coexpressed, only a few colonies grew in soft agar and the size of the few colonies was significantly smaller ( Figure 8C) . Immunoblot experiments confirmed that the expression of RasV12, Myc or Bcl-2 was comparable in hLin-9-expressing cells and in control-infected MEFs ( Figure 8B ). We conclude from these results that hLin-9 can antagonize oncogenic transformation of primary cells.
Next we asked whether the inhibition of oncogenic transformation by hLin-9 is dependent on a functional pRB pathway. To address this question, we repeated the experiment in MEFs derived from Rb null embryos ( Figure 8E-G) . Intriguingly, in RbÀ/À cells, hLin-9 failed to inhibit colony formation by Myc, Ras and Bcl-2 oncogenes, demonstrating that hLin-9 requires pRB to inhibit oncogenic transformation ( Figure 8F and G). Inhibition of oncogenic transformation by hLin-9 suggests that hLin-9 could act as a tumor suppressor.
To address more directly the role of hlin-9 in tumor suppression, we analyzed whether the loss of hLin-9 can substitute for the loss of pRB in oncogenic transformation. For these assays, we used immortal primary human BJ-ET fibroblasts (Voorhoeve and Agami, 2003) . It has been shown before that expression of RasV12 and SV40 virus small t (st) combined with RNAi-mediated knockdown of p53 and pRB results in oncogenic transformation of these cells, as ana- lyzed by the ability of the cells to form colonies in soft agar (Voorhoeve and Agami, 2003) . In this system, the inactivation of pRB can also be substituted by the knockdown of the cdk4 inhibitor p16
INK4a
, another component of the pRB pathway (Voorhoeve and Agami, 2003) . As expected, the expression of RasV12 together with st did not result in transformation (Figure 9 ). The additional single inhibition of p53, p16
INK4a or hLin-9 in these cells was also not sufficient for anchorage-independent growth. As expected, the combined knockdown of p16
INK4a and p53 in cells that express RasV12 and st resulted in colony outgrowth. Strikingly, the knockdown of hLin-9 when combined with the knockdown of p53 also resulted in transformation of cells expressing RasV12 and st. In contrast, the loss of hLin-9 did not cooperate with the loss of p16
INK4
. Thus, the loss of hLin-9 can substitute for the loss of pRB or p16
INk4a in oncogenic transformation of primary human cells. These results show that hLin-9 is an integral component in the pRB pathway that controls oncogenic transformation.
Discussion
The retinoblastoma protein is a multifunctional tumor suppressor protein that plays important roles in the regulation of cell cycle progression, apoptosis, senescence and differentiation. In C. elegans, a group of genes, the so-called synMuv genes, were shown to function together with lin-35/pRB to antagonize Ras signaling during vulva development (Kornfeld, 1997) . One of these synMuv genes that genetically interacts with lin-35/pRB in this pathway is lin-9. However, the molecular function of the product of this gene is unknown. In this study, we now identified a human homologue of lin-9. Our data provide several clues about the function of hLin-9 in the pRB pathway, for example, we report that hLin-9 associates and cooperates with pRB and that it has tumorsuppressing activities. The genetic studies in C. elegans suggested an interaction of Lin-9 with pRB. In this study, we could now demonstrate that in a mammalian system pRB physically associates with hLin-9 in vivo and in vitro. Binding to pRB requires box 1 of hLin-9, a N-terminal domain that is conserved in several Lin-9 proteins of different species. It is therefore likely that Lin-9 proteins in other organisms bind to pRB homologous as well, and that box 1 functions as the domain that mediates binding to pRB.
That the physical interaction between hLin-9 and pRB is functionally relevant is suggested by our observation that hLin-9 synergizes with pRB in the formation of flat cells in pRB-negative Saos-2 cells. Intriguingly, the ability of hLin-9 to promote the flat cell phenotype is dependent on the presence of a functional pRB protein. In addition, pRB requires endogenous hLin9 to efficiently induce flat cells, as demonstrated by RNAi-mediated knockdown of hLin-9. Although hLin-9 cooperates with pRB in flat cell formation, it appears not to be involved in pRB-mediated cell cycle inhibition. It has been shown before that flat cell formation and inhibition of cell cycle progression are two distinct functions of pRB that can be genetically separated. The induction of the acute G1 arrest depends on the ability of pRB to bind to E2F and to repress transcription. In contrast, the ability of pRB to induce the flat cell phenotype is linked to the ability of pRB to promote differentiation and to activate transcription (Sellers et al, 1998; Thomas et al, 2001) . Certain mutants of pRB derived from patients with partially penetrant retinoblastoma retain the ability to promote differentiation despite their inability to associate with E2F (Sellers et al, 1998) . Since hLin-9 can bind to these partially penetrant pRB mutants, we propose that hLin-9 has a role in pRB-mediated differentiation. This is also supported by our observation that hLin-9 synergizes with pRB to activate transcription by the bonespecific transcription factor Cbfa1. A role for pRB in bone differentiation and Cbfa1 activation has recently been demonstrated. Although it is not well understood how pRB cooperates with Cbfa1, it was speculated that Cbfa1 recruits pRB to osteogenic promoters and assembles a multiprotein complex that mediates gene activation (Thomas et al, 2001) . hLin-9 might be part of such a pRB complex that specifically functions in gene activation during differentiation. A positive role in transcription has been described for the Drosophila homologue of Lin-9, Aly, which is required for the transcriptional activation of terminal differentiation genes in spermatocytes (White-Cooper et al, 2000; Ayyar et al, 2003; Jiang and White-Cooper, 2003) . While Aly mainly seems to function in transcriptional activation, the second Lin-9 homologue of Drosophila, Twit, has recently been implicated in transcriptional repression of developmental genes together with the fly orthologue of pRB, RBF (Korenjak et al, 2004) . Thus, based on the studies of hLin-9 homologous in other organisms, it is possible that, in addition to activating transcription, human Lin-9 can also repress transcription, depending on the target gene. A systematic analysis of genes regulated by hLin-9 will be necessary to address this question.
As our data implicate hLin-9 in pRB-mediated differentiation, a function that is known to be relevant for pRBmediated tumor suppression, we investigated whether hLin-9 itself can inhibit transformation. We found that hLin-9 was able to inhibit oncogenic transformation of primary MEFs by a combination of the RasV12, Myc and Bcl-2 oncogenes. Intriguingly, hLin-9 failed to inhibit transformation in RbÀ/À cells, indicating that tumor suppression by hLin-9 is dependent on the presence of a functional pRB protein. It is likely that the inhibition of oncogenic transformation by hLin-9 and the ability of hLin-9 to associate with pRB, to promote the flat cell phenotype and to activate transcription, are mechanistically related. Direct experimental evidence that hLin-9 has tumor suppressor activities comes from our observation that the loss of hLin-9 can substitute for the loss of pRB or p16
INK4a in transformation of primary human fibroblast (Figure 9 ). Thus, hLin-9 is an essential component of the pRB tumor suppressor pathway, raising the possibility that the loss or inactivation of hLin-9 could be an important step in neoplastic transformation. So far, we have not analyzed hLin-9 in human tumors. However, it has been reported that 1q42, the chromosomal localization of the human LIN-9 gene, is recurrently lost in breast carcinomas (Pandis et al, 1995) . Clearly, further studies are necessary to address whether hLin-9 is involved in the pathogenesis of this or other tumors.
In conclusion, we found that hLin-9 binds to and cooperates with the pRB tumor suppressor protein and inhibits oncogenic transformation in a pRB-dependent manner. The pRB pathway is inactivated in almost all human cancers. Loss of hLin-9 can substitute for the loss of pRB in cellular transformation of primary human fibroblasts. BJ fibroblasts stably expressing hTERT, st and the ecotrophic retrovirus receptor were infected with the indicated retroviral pSUPER-hygro-based siRNA vectors to knockdown (kd) p53 and p16 INK4a and pMSCV-Blastbased siRNA vector to knockdown Lin-9. After selection with hygromycin B and blasticidin, cells were infected with a retrovirus encoding oncogenic RasV12 and plated in soft agar. Visible colonies were counted after 2-3 weeks. The experiment was repeated three times with similar results. One representative experiment is shown.
